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NMR study of Ba8Cu5SixGe41!x clathrate
semiconductors
Ali A. Sirusi,*a Joseph H. Ross Jr.,ab Xinlin Yanc and Silke Paschenc
We have performed 63Cu, 65Cu, and 137Ba NMR on Ba8Cu5SixGe41!x, a series of intermetallic clathrates
known for their potential as thermoelectric materials, in order to investigate the electronic behavior of
the samples. The spectra and spin–lattice relaxation times were measured at 77 K and 290 K for the
entire composition range 0 r x r 41. Magnetic and quadrupole shifts and relaxation rates of the Cu
NMR data were extracted, and thereby carrier-induced metallic contributions identified. The observed
shifts change in a nonlinear way with increasing Si substitution: from x = 0 to about 20 the shifts are
essentially constant, while approaching x = 41 they increase rapidly. At the same time, Ba NMR data
indicate greater Ba-site participation in the conduction band in Ba8Cu5Si41 than in Ba8Cu5Ge41. The
results indicate surprisingly little change in electronic features vs. Si content for most of the composition
range, while Ba8Cu5Si41 exhibits enhanced hybridization and a more metallic framework than Ba8Cu5Ge41.
1 Introduction
In recent years, highly efficient thermoelectric materials have
been in demand to convert and harvest waste energy.1,2 Among
them intermetallic clathrates have gained great attention due to
high thermoelectric efficiency3–7 and other interesting physical
properties such as glass-like thermal conductivity, superconduc-
tivity, and magnetism.6,8–11 There have been many efforts to study
Ba8Ga16Ge30 and similar ternary semiconducting clathrates since
they can have large thermoelectric figures of merit,3–5 ZT E 1.
The figure of merit is defined as ZT ¼ S
2sT
k
, where S is the
Seebeck coefficient, s is the electrical conductivity, k is the
thermal conductivity, and T is the temperature. Among these,
it is the observed very low k that is the principal source of the
enhanced ZT.
Slack12 first introduced the phonon-glass electron-crystal (PGEC)
concept in which such compounds scatter phonons like an amor-
phous glass, and at the same time have charge carrier mobilities
more like what is expected in a perfect crystal. Clathrates have large
cages which can host electropositive guest atoms such as Ba,
Eu, and Sr, and there is a general belief that the PGEC concept
may apply to clathrates through anharmonic ‘‘rattling’’ guest
atoms scattering phonons and thereby producing low thermal
conductivity.6,8,9 On the other hand, recent studies have connected
the low thermal conductivity to intrinsic propagation behavior of
low-velocity phonons in these structures.13 Ba8Cu5Ge41 is presum-
ably in this category as its low thermal conductivity does not seem
to be connected to large off-center Ba motion.14 The Si analog,
Ba8Cu5Si41, has the potential to become a low-cost substitute
for these materials.15
A recent comprehensive study16 of the mixed alloys Ba8Cu5-
SixGe41!x showed that indeed small-x compositions have reduced
k and hence enhanced ZT due to alloy scattering, however
compositions in a relatively narrow range near x = 18 exhibit
an anomalous enhancement of k as well as reduced carrier
densities. On the other hand approaching full Si substitution,
ZT is reduced due to electronic effects as the native carrier
densities become large. Here we report the results of NMR
studies to better understand these changes in electronic behavior.
NMR shifts can be particularly sensitive to hybridization effects in
the conduction and valence bands, and we find that with x
increasing through the x = 18 composition there is very little
change in such behavior, however approaching Ba8Cu5Si41 the
behavior changes rapidly as the framework becomes more metal-
lic as observed both by Cu and Ba NMR.
2 Experiment
2.1 Synthesis and sample characterization
The Ba8Cu5SixGe41!x compounds studied here came from the
same batch for which the preparation was described in ref. 16.
The synthesis involved melting the pure-elements, followed by
annealing and hot pressing. Powder X-ray diffraction (XRD) and
analysis provided full structural details of the samples, and
dispersive X-ray spectroscopy was measured to determine the
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compositions of the samples (nominal x = 0, 3, 6, 10, 13, 18,
25, 35, 41) as reported in ref. 16. In this work we will denote the
samples as Si(x). The type-I clathrate structure, common to all
compositions examined here, has 46 Cu/Ge/Si framework
atoms per unit cell. In addition 8 Ba guest atoms are situated
on two cage sites: 2a (smaller dodecahedral cages) and 6d
(tetrakaidecahedral cages).5 It has been shown16,17 at least for
the end compositions (x = 0, 41), that Cu atoms occupy exclu-
sively the 6c framework site (sometimes alternatively denoted
as 6d, ref. 16).
The previous measurements16 also included detailed trans-
port results, among which the Hall-effect carrier densities will
be used here. Note that the X-ray refinements show that the low
Si content samples include small densities of vacancies in
contrast to the Si-rich side where there are no vacancies. This is
typical of Si and Ge clathrates: the spontaneously formed vacancies
tend to enforce electron balance (Zintl concept18) and thereby lead
to reduced carrier concentration. The previous results also showed
that, while the lattice constants of the compounds decease linearly
with increasing Si content, some internal parameters such as the Si
occupation at the 24k site show nonlinear behavior.
2.2 NMR measurements
NMR experiments were carried out using a custom-built pulse
spectrometer at a fixed field of 9 T. 63Cu, 65Cu, and 137Ba
spectra were measured with CuCl solid and aqueous BaCl2,
respectively, as the standard references relative to which all
NMR shifts are reported. The powder samples were mixed with
crushed quartz to allow for rf penetration. Measurements of Cu
NMR utilized spin echo integration vs. frequency to record the
quadrupole-broadened NMR spectra, whereas the Ba NMR
spectra were obtained by using CPMG sequences19 where the
echo integrals were achieved at each frequency by summing all
consecutive echoes in one CPMG sequence. Fitting of the NMR
line-shapes was performed using the Dmfit package.20
NMR spin–lattice relaxation measurements were performed
for low-temperature central transitions, with the relaxation time,
T1, as a fitted value based on a magnetic relaxation mechanism
using a standard multi-exponential function for recovery of the
central transition.21,22 The quadrupole relaxation process entails
a different relaxation function, and therefore an overall scaling
of the quadrupole values of T1. However this does not affect the
dynamical fitting parameters described below. The fitted values
will be identified for the 3 nuclei as 63T1,
65T1, and
137T1. In the
analysis, we used nuclear moment values reported in ref. 23
(63Cu, g = 7.111789 # 107 rad s!1 T!1 and Q = !22.0 fm2; 65Cu,
g = 7.60435 # 107 rad s!1 T!1 and Q = !20.4 fm2).
3 Results and analysis
Fig. 1 shows 63Cu spectra of the nine Ba8Cu5SixGe41!x samples
obtained at room temperature. The scale is the total shift,
defined as Df/f0 where f0 is the standard reference frequency,
and it includes both magnetic and electric quadrupole parts.
Similar spectra (not shown) were obtained at 77 K, and for 65Cu at
both temperatures. The line-shapes are m = 1/2 to !1/2 transi-
tions as reported in previous studies24 for I = 3/2 Cu nuclei.
By examination of 63Cu and 65Cu line-shapes we separated the
magnetic and quadrupole shift contributions for each sample.
Center of mass magnetic and quadrupole shifts were separated by
using both the 63Cu and 65Cu centers of gravity and the relation
Df/f0 = d + BQ2, where d is themagnetic shift (paramagnetic sign, by
convention23), B is a constant, and Q is the quadrupole moment.
Fig. 2 shows the resulting magnetic shifts. The quadrupole shifts
due to the second-order quadrupole mechanism give small negative
shifts less than!3 kHz (or!30 ppm), similar to the results of ref. 24
for Ba8CuyGe46!y samples. The net magnetic shift d can be further
Fig. 1 63Cu spectra measured at room temperature for all investigated
Ba8Cu5SixGe41!x samples.
Fig. 2 Magnetic shifts (d, open circles and triangles at 77 K and 290 K,
respectively) and chemical shift component (dcs, open squares) as a function
of Si content, plotted for Cu NMR in Ba8Cu5SixGe41!x at 77 K. Note that the
Knight shift is defined as K = d ! dcs (vertical arrow), as described in the text.
The dashed lines are guides to the eyes.
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separated21,25 into a Knight shift and chemical shift (d = K + dcs),
where here we identify dcs as the contribution due to orbital effects,
whereas K is due to conduction electron spins (and will depend on
sample doping). The separation of these terms will be discussed
further below. As seen in Fig. 2, d is approximately independent of
x up to Si(25), but it increases rapidly with x approaching the Si(41)
composition, indicating electronic behavior that is very sensitive to
x close to this composition extreme.
The extracted spin–lattice relaxation rates (1/T1) can also be
separated into two terms22,24 by using the characteristic Q and
g dependencies. These terms are (1) a phonon contribution
(quadrupole mechanism) which obeys 1/T1Q p Q
2 and (2) a
carrier dominated term (magnetic term) which obeys 1/T1Mp g2.
1/TT1M for the samples obtained from this procedure at 77 K and
room temperature are shown in Fig. 3(a). The inset in this figure
shows 63T1/
65T1 plus the ratios of nuclear constants which indicate
the dominant relaxation mechanism. If the quadrupole mecha-
nism dominates, 63T1/
65T1 will be close to (
65Q/63Q)2, and the inset
shows that this occurs for Si(0) up to Si(18) at 290 K. Fig. 3(b)
shows the separated 1/T1QT for Si(0), Si(6), and Si(18) along with
data for Ba8CuyGe46!y (y = 4, 5.3, 6) as reported in ref. 24. The
quadrupole rates are comparable in size and are typical for
normal phonon behavior, which rise with temperature as shown
schematically by the dashed line.
It is noted that the relaxation rates used in the analysis were
obtained at the maximum intensity points of the line-shapes
although we do observe that T1 changes across the lines. This is
shown in Fig. 4 for Si(41) and Si(18), giving the measured T1 as a
function of frequency. These frequency dependencies can be
understood as due to distributions of Si/Ge and Cu atoms in the
vicinity of the Cu sites. These random distributions of frame-
work atoms also cause line-shape broadening. To quantify this
aspect the FWHMs of the 65Cu line-shapes obtained by fitting to
a Gaussian function at room temperature are shown in Fig. 5.
The widths increase with increasing Si content up to Si(25)
which is related to the random distribution of Si/Ge atoms on
the 24k site which is the position of the nearest neighbors to Cu
at the 6c site. The width is the largest for Si(25) since it has an
equal Si/Ge 24k occupancy ratio consistent with a random
distribution. There is also an overall increase in width going
from Si(0) to Si(41), due to increased electric field gradients
(EFG)’s related to the gradual decrease in the lattice parameter.
1/T1M at the line-center position was separated at 77 K and at
room temperature for the 5 samples for which the carrier
densities were also previously measured.16 The results show
that T1MTE constant, as expected for a relaxation mechanism
dominated by conduction electrons. Previously24 it was shown
that for 3 samples of Ba8CuyGe46!y (y = 4, 5.3, 6) with different
carrier densities, the shift could be treated as d = dcs + K, with
dcs = 475 ppm, and with the product K2T1MT E 1.2 # 10!6 sK.
The latter is the Korringa product19 for metallic NMR shifts,
with the measured value somewhat reduced relative to the
value K2T1MT = 3.73 # 10!6 sK for metals in the absence of
Fig. 3 (a) Magnetic spin–lattice relaxation contribution 1/TT1M as function
of Si content in Ba8Cu5SixGe41!x at 77 K and 290 K. The inset shows the
63T1/
65T1 ratio at 290 K with the magnetic (
63T1/
65T1 = (
65g/63g)2) values
and quadrupolar (63T1/
65T1 = (
65Q/63Q)2) values, labeled M and Q, respec-
tively. (b) Quadrupole contribution 1/TT1Q vs. temperature for Si(0), Si(6),
Si(18) and the Ba8CuyGe46!y (y = 4, 5.3, 6) samples from ref. 24. For
comparison 1/TT1M of the Si(41) sample is also plotted.
Fig. 4 63Cu NMR spectra and 63T1 data vs. shift for (a) Si(41) and (b) Si(18)
samples at 77 K.
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electron–electron interactions. The small difference is similar
to results in Si:P, where is was attributed to the presence of a
small amount of disorder at the bottom of the conduction
band.24 For the present Ba8Cu5Ge41 sample (Si(0)), assuming
dcs = 475 ppm (77 K data) also yields K2T1MT = 1.2 # 10!6 sK,
identical to the results obtained for previous samples. Using
this value for the Korringa product, and thereby calculating
K from the extracted T1M values, we find that dcs increases with
the Si content to 536 ppm for Si(25), and to 790 ppm for Si(41).
Alternatively, assuming a non-reduced K2T1MT = 3.73# 10!6 sK,
somewhat smaller dcs values are obtained; the resulting two sets
of values are plotted in Fig. 2 as the error-bar limits. Clearly,
both dcs and K are nearly constant as the Si content increases to
x = 25, indicating similar electronic behavior for these samples.
On the other hand significantly larger shifts in Si(41) indicate a
modification of the conduction/valence band configuration
involving Cu orbitals at larger Si contents. This is true for both
the metallic shift and dcs contributions for Si(41) (K is seen as
the difference between d and dcs plotted in Fig. 2).
137Ba NMR spectra for the Si(0) and Si(41) samples at 77 K
are shown in Fig. 6. These spectra were fitted as powder
patterns assuming two sites: a narrow line (site A) and a broad
line (site B). Similar to the Cu NMR results, these fits yield
separate magnetic shifts (d) and second-order quadrupole
components. Due to the line widths we included only isotropic
magnetic shifts in the fits. The Si(0) middle peak is narrow so
we assumed site A to have zero EFG, and fit it to a Lorentzian
function. The extracted spectral weight ratios A/B of the two fitted
lines for Si(0) and Si(41) are 0.337 and 0.319. In type-I clathrates
the expected ratio for the Ba sites 2a and 6d is 2/6 = 0.333, in
agreement with the fitted ratios if site A is assigned to Ba atoms in
the smaller cage. The fitting parameters are given in Table 1. Note
that the smaller EFGs for site A in both cases match the more
symmetric environment of the smaller cage as expected (nQ is
related to the EFG through nQ = 3eQVzz/[2I(2I ! 1)h] where Vzz
is the largest principal EFG tensor component and I is the
nuclear spin, while ZQ is defined as ZQ = [Vxx ! Vyy]/Vzz).
Moreover, the larger EFGs obtained for Si(41) correspond to
its lower lattice constant compared to Si(0).
The Ba NMR T1 values at the narrow peak positions are also
given in Table 1. Similar to measured 135Ba and 137Ba relaxation
rates in type-I NaxBaySi46 and chiral Ba24Ge100 clathrates, we
assume that 137T1 is dominated by the Korringa magnetic
behavior.26,27 The larger shift and shorter 137T1 for Si(41) clearly
indicates more metallic behavior for this composition. Assuming
that the 500 ppm shift difference between Si(0) and Si(41) samples
is entirely due to a Knight shift for the Si(41) sample, using 137T1
of Table 1 the Korringa product K2T1T = 3.5# 10!6 sK is obtained,
slightly smaller than 21 # 10!6 sK expected for 137Ba without
electron–electron interactions. It is worth to mention that the
magnetic shifts of the Si(0) and Si(41) samples are much smaller
than in the superconductor26 clathrate NaxBaySi46 (5930 ppm
at 4.2 K)26 and Ba metal28,29 (4030 ppm at room temperature).
However the enhanced Korringa contribution for Ba in Ba8Cu5Si41
demonstrates a significantly greater participation of Ba in the
conduction band in this material than in Ba8Cu5Ge41.
As noted above, there is a small vacancy density in the
Ge-rich compositions. XRD showed that this occurs appreciably
only in the Si(0) and Si(3) samples,16 which have 0.1 vacancies
per cell on 6c framework sites. This will affect the NMR resonance
Fig. 5 FWHM of 65Cu NMR line of Ba8Cu5SixGe41!x samples at room
temperature.
Fig. 6 137Ba NMR spectra measured at 77 K, along with fitted spectra
(solid curves), showing two fitted sites: (1) the dotted curve (site A) and
(2) the dashed curve (site B) as explained in the text. (a) Spectrum of Si(41)
sample. (b) Spectrum of Si(0) sample.
Table 1 137Ba NMR parameters obtained from fitting the Si(0) and Si(41)
results at 77 K, alongwith themeasured T1. The definitions of the parameters
are given in the text
d (ppm) nQ (MHz) ZQ 137T1 (ms)
Site A Si(0) 1393 0 0 1042
Site B Si(0) 1294 4 $ 0.05 0.18 $ 0.02
Site A Si(41) 1890 4.8 $ 0.05 0.7 $ 0.02 180
Site B Si(41) 1825 11.77 $ 0.06 0.71 $ 0.02
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for ions in the close vicinity of vacancies. The immediate
neighbors of these sites are 24k framework sites, which are
not occupied by Cu, but those Ba and Cu ions occupying the
same cage might also exhibit a weak split-off resonance. This
was not seen in measurements for these two compositions, and
it could be that these sites are out of the measurement range as
sometimes occurs near defects; but however the main NMR
shifts will not be affected.
4 Discussion
The Knight shift for metals can be calculated according to21
Kth ¼ mBgtot EFð ÞBHF
gs
gtot
; (1)
where BHF is the hyperfine field, assumed dominated by the
s-contact interaction, gtot(EF) is the density of states at the Fermi
level and gs/gtot is the ratio of partial density of states of the
local s orbital to the total g(EF). In the effective-mass approxi-
mation, assuming a parabolic band edge, gtot(EF) = (3n/p
4)1/3m*/!h2.
Here we used the atomic-based21 BHF = 260 T for Cu.
Table 2 shows EF and Cu Knight shift (Kth) values obtained
from this calculation, the latter made with the assumption that
gs/gtot = 1 in eqn (1), and with gtot calculated per unit cell. Using
K from the analysis above (d ! dcs, values plotted in Fig. 2), we
obtain the ratio K/Kth given in Table 2. K/Kth therefore corresponds
to gs/gtot, the number of s states for a given Cu atom relative to the
number of conduction states in the cell as a whole. For example,
assuming that conducting states have the ideal sp3 hybridization
and are equally distributed among the 46 framework atoms,
this ratio will be (1/4/46) = 0.0054. The smaller values displayed
in Table 2 indicate a reduced Cu s-contribution to the conduc-
tion band edge.
Previously24 gs/gtot was calculated to be 0.0014 based on first-
principles methods for Ba8Cu5.3Ge40.7; the value 0.0013 found
here for Ba8Cu5Ge41 (Si(0) sample) is in excellent agreement.
The calculation for Ba8Cu5.3Ge40.7 also indicated
24 that up to
about 0.2 eV above the conduction band edge the effective mass
approximation works well, with little change in the partial densities
of states, while at higher energies multiple bands begin to parti-
cipate. As shown in Table 2, this condition applies to the Si(0)
and Si(18) compositions since they have sufficiently low carrier
densities; similar values of K/Kth for these compositions, as well
as of m*/me, provide an indication that the conduction states
remain essentially unchanged with Si substitution up to at
least x = 18. This behavior matches the nearly-constant Cu
chemical shifts (Fig. 2) across this range.
For Si(41) the measured carrier densities place EF further
into the conduction band than for the other samples, and the
measured Cu K is correspondingly considerably larger. Note
that DFT calculations16 for Ba8Cu6Ge40 do not show a semi-
conducting gap as is found for Ba8Cu6!xGe40+x (ref. 24 and 30).
The accurate estimation of band gaps in such calculations can
be difficult but we tentatively conclude that the more metallic
properties of Si(41) are indeed an indication of semimetallic
behavior, and that the upturn in NMR shift close to full Si
substitution corresponds to a crossing of states near EF for
compositions in this range. The chemical shifts reinforce this
conclusion as discussed below.
The Cu chemical shift dcs E 700 ppm for Si(41) is at the
upper range of shifts observed in Cu molecular systems.31
There are not many semiconductors for which a Cu dcs has
been identified unambiguously. The cubic phase Cu2Se has a
vanishing K contribution by symmetry, and exhibits32,33 dcs =
220 ppm. The enhanced dcs in Ba8Cu5Si41 is due to the para-
magnetic mechanism as described below.
The chemical shift can be expressed to include a diamag-
netic (shielding) and paramagnetic term,25 of which the latter is
expressed as
dpara ¼ mB
2
2
X
i; j
cj
D !!Lz cij i cih jLz=r3 cj!! Eþ c:c:n o
Ei ! Ej ; (2)
where ci is a state in the conduction band, cj is a filled state, and Ei
and Ej are the corresponding energies. The angular momentum
matrix elements in the numerator are nonzero when states includ-
ing the same local orbital are connected. This corresponds to
hybridization of states across the gap. Hence, the enhanced dcs in
Si(41) shows that Cu p states become more distributed between
conduction and valence bands. This gives amore specific picture of
the electronic changes responsible for the non-monotonic electro-
nic transport previously observed.
Table 2 Measured charge carrier densities (n) and effective masses (m*)
from ref. 16 with calculated Fermi energies (EF), theoretical Cu Knight shifts
(Kth), and K/Kth ratios from experiment. The latter is equivalent to gs/gtot, as
explained in the text
Compounds n (1021 cm!3) m*/me EF (eV) Kth (%) K/Kth (gs/gtot)
Si(0) 0.278 1.13 0.137 5.6 0.0013
Si(6) 0.855 1.44 0.228 10.2 0.0004
Si(18) 0.179 1.16 0.100 4.7 0.0010
Si(25) 0.809 1.35 0.235 8.9 0.0011
Si(41) 2.142 1.65 0.367 14.5 0.0017
Fig. 7 Cu-nearest neighbor distance (open circles) and bond angle (solid
squares). Angles are the larger of two values as explained in the text. Values
from ref. 16. The dashed and solid lines are guides to the eyes.
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We plot the Cu-ion nearest neighbor distances and bond
angles from the XRD parameters16 in Fig. 7, illustrating changes
in the Cu local environment, with Cu atoms on the 6c sites, each
enclosed by 4 nearest neighbors on 24k sites. The symmetry is
nearly that of a regular tetrahedron (ideal bond angle 109.51)
distorted to give one smaller and one larger angle; the larger
angle is plotted in the figure. The strong non-linearity in both
plots is related to previously identified structure features16 con-
nected to a change in the transport properties in going from Si(0)
to Si(41). The monotonic decrease in bond length for most of the
range corresponds to the decrease in the measured lattice con-
stant. However this trend is reversed, with a longer bond for
Si(41), apparently a weakening of the bond which coincides with
the framework becoming more metallic, and the large increase in
Cu NMR shifts. This also coincides with a stronger Ba participa-
tion in the conduction band, as seen from enhanced Ba NMR
shifts and 1/T1.
5 Conclusions
In summary, we have measured 63Cu, 65Cu, and 137Ba NMR on
Si-substituted Ba8Cu5Ge41 clathrates, across the composition
range to Ba8Cu5Si41. We determined separately the chemical
shifts and carrier-related Knight shifts. Surprisingly, the Cu
NMR indicates that the band-edge behavior and distribution of
states within the valence and conduction band remains essen-
tially constant up to nearly complete Si substitution, at least
from the perspective of Cu local orbitals. However for composi-
tions close to Ba8Cu5Si41 a rapid increase in shifts is observed,
as well as an increase in Ba metallic shifts, which we connected
to a greater hybridization and more metallic behavior of the
framework at this composition.
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